The influence of the enhanced vector meson sector on the properties of
  the matter of neutron stars by Bednarek, Ilona et al.
ar
X
iv
:1
31
2.
32
19
v2
  [
as
tro
-p
h.S
R]
  1
9 D
ec
 20
13
The influence of the enhanced vector meson sector on the properties
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This paper gives an overview of the model of a neutron star with non-zero strangeness constructed
within the framework of the nonlinear realization of the chiral SU(3)L × SU(3)R symmetry. The
emphasis is put on the physical properties of the matter of a neutron star. The obtained solution
is particularly aimed at the problem of the construction of a theoretical model of a neutron star
matter with hyperons that will give high value of the maximum mass.
PACS numbers: 97.60.Jd, 26.60.Kp, 21.65.Mn, 14.20.Jn
I. INTRODUCTION
The description of the core of a neutron star is mod-
elled on the basis of the equation of state (EoS) of
dense asymmetric nuclear matter [1]. The matter den-
sity ranges from a few times the saturation density (n0)
to about an order of a magnitude higher at the core of a
neutron star and at such densities hyperons are expected
to emerge [2]. The purpose of this paper is to study the
impact of hyperons on the properties of the matter of
neutron stars, and on their structure. In general, analy-
sis of the role of strangeness in nuclear structure in the
aspect of multi-strange system is of great importance for
both nuclear physics and for astrophysics and leads to a
proper understanding of the properties of a hyperon star.
The relativistic approach to the description of nuclear
matter developed by Walecka [3] is very successful in de-
scribing a variety of the ground state properties of finite
nuclei. Although the original Walecka model properly
describes the saturation point and the data for finite nu-
clei, it has been insufficient to properly describe the com-
pression modulus of symmetric nuclear matter at satura-
tion density. The nonlinear self-interactions of the scalar
field (the cubic and quartic terms) were added in order
to get an acceptable value of the compression modulus
[4, 5]. Additionally the inclusion of a quartic vector self-
interaction term softens the high density component of
the EoS [6]. The estimation of the incompressibility co-
efficient of symmetric nuclear matter K0, which is made
on the basis of recent experimental data, points to the
range 240± 10 MeV [7].
Models that satisfactorily reproduce the saturation
properties of symmetric nuclear matter lead to consider-
able differences in a case in which asymmetry dependence
is included [8, 9]. Thus, the proper model of the matter of
neutron stars requires taking the effect of neutron-proton
asymmetry into consideration. This, in turn, leads to the
inclusion of the isovector meson ρ. The standard version
of the introduction of the ρ meson field is of a minimal
∗ Retired
type without any nonlinearities. This case has been fur-
ther enlarged by the nonlinear mixed isoscalar-isovector
couplings, which modify the density dependence of the ρ
mean field and the symmetry energy [10–12]. The anal-
ysis of the nonlinear models should include results ob-
tained for the relativistic FSUGold parametrisation [13].
A theoretical description of strangeness-rich nuclear
matter requires the extension of the model to the full
octet of baryons and additional meson fields were intro-
duced to reproduce the hyperon–hyperon interaction.The
model that is considered is constructed on the basis of
the hadronic SU(3) theory, which naturally includes non-
linear scalar and vector interaction terms. The charac-
teristic feature of the model is the very special form of
the vector meson sector, which permits more accurate
description of asymmetric strangeness-rich neutron star
matter [14]. The primary goal of this paper is to max-
imize the understanding of the influence of the nonlin-
ear vector meson couplings on the form of the EoS and
through this on a neutron star structure.
The calculated EoS for the matter of neutron stars in
the case when hyperons are included have shown con-
siderable stiffening for higher densities. Having obtained
the EoS the analysis of the maximum achievable neutron
star mass for a given class of models can be performed.
Observational results limit the value of a neutron star
mass and thereby put constraints on the EoS of high
density nuclear matter. Recent observations point to the
existence of a high maximum neutron star mass [15, 16],
what is inconsistent with theoretical models that involve
hyperons.
II. THE MODEL
Recent observations of the binary millisecond pulsar
J1614-2230 [15] and J0348+0432 [16] have led to an esti-
mation of the neutron star mass within the range respec-
tively (1.97± 0.04)M⊙ and (2.01± 0.04)M⊙. This places
the maximum neutron star mass at rather high values
and rules out most of the EoSs with hyperons as models
that involve exotic particles predict maximum neutron
star masses well below the stated value. There is a need
2to analyse whether it is possible to construct an EoS
of neutron star matter that gives adequately high max-
imum mass despite including hyperons. In this paper a
description of nuclear matter based on an effective model
constructed within the framework of the nonlinear real-
ization of the chiral SU(3)L×SU(3)R symmetry. Details
can be found in the papers by Papazoglou et al. [17, 18].
Baryons and mesons constitute the basic degrees of
freedom of the model, and consequently the Lagrangian
density function L splits into parts that are adequate to
describe baryon LB and meson LM sectors supplemented
by the term that represents baryon–meson interactions
Lint, and takes the form L = LB + LM + Lint.
The meson sector of the considered model includes spin
zero and spin one meson states. Nonets of different me-
son types, spin zero (scalar) and spin one (vector), can
be written as the sum of the singlet and octet matrixes
M =Msin+Moct. Under the assumption of SU(3) sym-
metry, a very general form of the interaction Lagrangian
Lint includes a mixture of the symmetric (D-type) and
antysymmetric (F -type) couplings and the S-type cou-
pling that denotes the meson singlet state interaction
Lint = −
√
2gM8 (αM[B¯BM]F + (1− αM)[B¯BM]D)− gM1
1√
3
[B¯BM]sin = (1)
= −
√
2gM8 [αM(Tr(B¯MoctB)− Tr(B¯BMoct)) + (1− αM)(Tr(B¯MoctB) + Tr(B¯BMoct))]−
− gM1
1√
3
Tr(B¯B)Tr(Msin),
where the explicitly given baryon matrix B has the form
B =


1√
6
Λ + 1√
2
Σ0 Σ+ p
Σ− 1√
6
Λ− 1√
2
Σ0 n
Ξ− Ξ0 − 2√
6
Λ

 . (2)
Generally, the baryon–meson interaction is characterised
by the following coupling constants: the octet gM8 and
singlet gM1 coupling constant, the parameter αM, which
stands for the F/(F + D) ratio, and a mixing angle
θM that relates the physical meson fields to the pure
octet and singlet states. The index M concerns the in-
teraction of baryons with scalar (M = S) and vector
(M = V ) mesons (pseudoscalar and axial vector mesons,
which have a vanishing expectation value at the mean
field level, are not considered in this model). In the case
of the scalar meson sector baryon masses are generated
by the vacuum expectation value that is attained by two
scalar meson fields and the parameters gS1 , g
S
8 , and αS
have been chosen to fit the experimental values of the
baryon-octet masses [17, 18]. Considering the vector me-
son sector of this model the octet matrix
Voct =


v8√
6
+ ρ
0
√
2
ρ+ K∗+
ρ− v8√
6
− ρ0√
2
K∗0
K∗− K
∗0 − 2v8√
6

 (3)
supplemented with the singlet state
Vsin =
1√
3
diag(v0, v0, v0)
comprises the vector meson nonet. The combinations of
the unphysical SU(3) singlet (v0) and octet (v8) states
produce the physical ω and φ mesons
φ = v8 cos θV − v0 sin θV , (4)
ω = v8 sin θV + v0 cos θV .
The φmeson taken as pure s¯s state leads to the ideal mix-
ing with θV ≈ 35.3◦. If the determination of the baryon–
vector meson couplings bases on the assumption that nu-
cleons do not couple to the s¯s meson, then gV1 =
√
6gV8 .
In the limit αV = 0 (only the F -type coupling remains),
the coupling constants are related to the additive quark
model and the vector meson coupling constants are given
by the following relations:
gΛω = gΣω = 2gΞω =
2
3
gNω = 2g
V
8 , (5)
gΛφ = gΣφ =
gΞφ
2
=
√
2
3
gNω.
The high density limit of the EoS of dense matter in neu-
tron star interiors is dominated by the contribution that
come from the baryon number density, which justifies the
construction of a model that includes a broad spectrum
of mixed vector meson couplings. The extended vector
meson sector, which stems from the SU(3) invariants, can
be written in the following form
LV = 1
4
c (Tr(V V ))2 +
1
2
d T r((V V )2) +
1
16
f(Tr(V ))4,
where V represents the matrix of the vector meson fields,
and c, d, f are the general coefficients that have been de-
termined by assuming that in the case of a neutron star
with zero strangeness, the model described by the TM1
parameter set [6] is recovered. This assumption leads to
the Lagrangian function, which embodies contributions
from the baryon and meson sectors supplemented by the
parts that describe the baryon and meson interactions
3L =
∑
B
ψB (iγ
µDµ −meff,B)ψB + 1
2
∂µσ∂µσ − 1
2
m2σσ
2 − 1
3
g3σ
3 − 1
4
g4σ
4 +
1
2
∂µσ∗∂µσ∗ − 1
2
m2σ∗σ
∗2 + (6)
+
1
2
m2ω(ω
µωµ) +
1
2
m2ρ(ρ
µaρaµ) +
1
2
m2φ(φ
µφµ)− 1
4
ΩµνΩµν − 1
4
R
µν
Rµν − 1
4
ΦµνΦµν + U
vec
nonl(ω, ρ, φ) + Ll,
where the covariant derivative equals Dµ = ∂µ + igBωωµ + igBφφµ + igBρIBρµ, IB denotes isospin of baryon B. The
baryon effective mass is defined as follows meff,B = mB − gBσσ − gBσ∗σ∗ while Ωµν , Rµν , and Φµν are the field
tensors of the ω, ρ, and φ mesons. A proper description of hyperon–hyperon interaction requires the presence of
hidden strangeness mesons: scalar (σ∗) and vector (φ). The Lagrangian function (6) describes the β-equilibrated
neutron star matter; thus there is also a need to consider the Lagrangian of free leptons Ll
Ll =
∑
l=e,µ
ψl(iγ
µ∂µ −ml)ψl, (7)
All nonlinear vector meson couplings that occur in this model have been brought together in the form of a vector
potential
Uvecnonl(ω, ρ, φ) =
1
4
c3(ω
µωµ)
2 +
1
4
c3(ρ
µaρaµ)
2 +
1
8
c3(φ
µφµ)
2 + ΛV (gNωgNρ)
2(ωµωµ)(ρ
µaρaµ) + (8)
+
1
2
(
3
2
c3 − ΛV (gNωgNρ)2
)
(φµφµ)(ω
µωµ + ρ
µaρaµ) +
1
4
ΛV (gNωgNρ)
2(φµφµ)
2.
The description of dense, hyperon-rich nuclear matter
given by the Lagrangian (6) in the case of non-strange
matter is reduced to the standard TM1 model with an
extended isovector sector. This extension refers to the
presence of the ω−ρ meson coupling and enables modifi-
cation of the high density limit of the symmetry energy.
The strength of this coupling is characterised by param-
eter ΛV . For each value of parameter ΛV , the parameter
gNρ has to be adjusted to reproduce the symmetry energy
Esym = 25.68 MeV at kF = 1.15 fm
−1 [19].
III. THE EQUATION OF STATE
The mean field approach has been adopted to calculate
the EoS. In this approximation, meson fields are sepa-
rated into classical mean field values: s0, s
∗
0, w0, r0, f0 and
quantum fluctuations, which are neglected in the ground
state:
σ = σ˜ + s0, σ
∗ = σ˜∗ + s∗0
ωµ = ω˜µ + w0, w0 ≡< ωµ > δ0µ =< ω0 >
ρaµ = ρ˜
a
µ + r0, r0 ≡< ρaµ > δ0µδ3a =< ρ0 >
φµ = φ˜µ + f0, f0 ≡< φµ > δ0µ =< φ0 >
The preferable attribute of the considered model is its
very diverse vector meson sector, which allows one to
study the relevance of different vector meson couplings
for the form of the EoS. The Lagrangian function (6)
makes it possible to calculate the equations of motion
from the corresponding Euler-Lagrange equations. The
obtained results, written in the mean field approxima-
tion, take the form:
m2σs0 = −g3s20 − g4s30 +
∑
B
gBσ
2JB + 1
2pi2
∫ kF,B
0
meff,B(s0, s
∗
0)k
2√
(k2 +m2eff,B(s0, s
∗
0))
(9)
m2σ∗s
∗
0 =
∑
B
gBσ∗
2JB + 1
2pi2
∫ kF,B
0
meff,B(s0, s
∗
0)k
2√
(k2 +m2eff,B(s0, s
∗
0))
(10)
m2eff,ωw0 − 2c3w30 = gBωδQnb, (11)
m2eff,ρr0 − 2c3r30 = gBρδ3nb, (12)
m2eff,ϕf0 − (c3 + 2ΛV (gBωgBρ)2)f30 = gBϕδSnb, (13)
4(iγµ∂µ −meff,B − gBω(1 − xB)γ0w0 − gBρI3Bγ0τ3r0 − gBφxBγ0f0)ψB = 0, (14)
where JB and I3B denote the spin and isospin projection of baryon B, meff,i, (i = ω, ρ, φ) are effective masses
assigned to vector meson fields:
m2eff,ω = m
2
ω + 2ΛV (gBωgBρ)
2r20 +
(
3
2
c3 − ΛV (gBωgBρ)2
)
f20 + 3c3w
2
0 (15)
m2eff,ρ = m
2
ρ + 2ΛV (gBωgBρ)
2w20 +
(
3
2
c3 − ΛV (gBωgBρ)2
)
f20 + 3c3r
2
0 (16)
m2eff,ϕ = m
2
ϕ +
(
3
2
c3 − ΛV (gBωgBρ)2
)
(w20 + r
2
0) + f
2
0
(
3
4
c3 + ΛV (gBωgBρ)
2
)
. (17)
Analysis of the equations of motion raises the issue of
the medium effects on the hadronic matter properties
that lead to the problem of the reduced effective baryon
masses meff,B . Considering the case in which nucleon
mass depends only on non-strange condensate and refer-
ring to the Walecka model, the relation for the effective
baryon masses in the medium in the relativistic mean
field description [10] can be formulated as
meff,B = meff,B(s0, s
∗
0) = (18)
= mB − gBσs0 − gBσ∗s∗0
where the terms gBσs0 and gBσ∗s
∗
0 represent the modifi-
cation of baryon masses due to the medium.
The source terms in equations (11-13) can be expressed
by introducing the parameters δQ and δS , which mea-
sure the contributions of strange (xB) and non-strange
quarks:
δQ =
∑
B
(1− xB)nB
nb
(19)
δ3 =
∑
B
I3B
nB
nb
(20)
δS =
∑
B
xB
nB
nb
. (21)
Thus, the number density of u and d quarks refers to δQ,
whereas the number density of strange quarks is given
in terms of the parameter δS . The parameter δ3 aims
to evaluate the difference between the density of u and
d quarks, nb =
∑
B nB denotes the total baryon number
density. The baryon–vector meson coupling constants
determined from the symmetry relations have been sum-
marised in Table I.
The numerical solution of the equations of motion,
which depends on the form of the effective vector poten-
tial Uvecnonl, has been limited to the result with only one
single real solution. The demand for the existence of one
real solution puts constraints on the value of parameter
ΛV . Such an analysis in the simpler case of symmetric
nuclear matter leads to an equation that relates ΛV and
TABLE I. Baryon–vector meson coupling constants, gBω =
(1−xB)gNω and xB counts the contribution of strange quarks,
gNω ≡ gω and gNρ ≡ gρ.
Baryon (B) xB gBω gBφ = xBgNω gBρ
n 0 gω 0 gρ
p 0 gω 0 gρ
Λ 1
3
2
3
gω −
√
2
3
gω 0
Σ 1
3
2
3
gω −
√
2
3
gω 2gρ
Ξ 2
3
1
3
gω -2
√
2
3
gω gρ
TABLE II. The critical value of the parameter ΛV,cr calcu-
lated for the selected parameterisations and the incompress-
ibility K0 taken at the saturation density.
Parameter set c3 ΛV,cr K0 (MeV)
NL3 [20] 0 - 271
FSUGold [13] 418.39 0.0517 230
TMA [21] 151.59 0.0318 318
TM1∗ [22] 134.624 0.0215 281.1
TM1 [6] 71.3 0.0156 281.1
TM2 [23] 84.5318 0.0186 343.8
c3 parameters and enables the critical value of parameter
ΛV,cr to be estimated
− 7
4
c23 + 4ΛV c3(gωgρ)
2 − Λ2V (gωgρ)4 = 0. (22)
The existence of one single real solution is not satisfied
for ΛV > ΛV,cr. The critical value of the parameter ΛV,cr
calculated for the selected parameterisations are collected
in Table II. In order to calculate the energy density and
pressure of the nuclear matter, the energy momentum
tensor Tµν , which is given by the relation
Tµν =
∂L
∂(∂µϕi)
∂νϕi − ηµνL (23)
has to be used. In equation (23) ϕi denotes the boson and
fermion fields. The energy density E is equal to < T00 >,
5whereas the pressure P is related to the statistical aver-
age of the trace of the spatial component Tij of the energy
momentum tensor. Calculations done for the considered
model lead to the following explicit formulas for the en-
ergy density and pressure:
E = 1
2
m2ωw
2
0 +
1
2
m2ρr
2
0 +
1
2
m2φf
2
0 +
1
2
m2σs
2
0 +
1
3
g3s
3
0 +
1
4
g4s
4
0 +
1
2
m2σ∗s
∗2
0 +
3
4
c3
(
w40 + r
4
0
)
+ (24)
+ 3ΛV (gωgρ)
2w20r
2
0 +
3
2
(
3
2
c3 − ΛV (gωgρ)2
)
(w20 + r
2
0)f
2
0 + 3
(
1
8
c3 +
1
4
ΛV (gωgρ)
2
)
f40 +
+
∑
B
2
pi2
∫ kF,B
0
k2dk
√
k2 +m2eff,B + EL,
P = 1
2
m2ωw
2
0 +
1
2
m2ρr
2
0 +
1
2
m2φf
2
0 −
1
2
m2σs
2
0 −
1
3
g3s
3
0 −
1
4
g4s
4
0 −
1
2
m2σ∗s
∗2
0 +
1
4
c3(w
4
0 + r
4
0) + (25)
+ ΛV (gωgρ)
2w20r
2
0 +
1
2
(
3
2
c3 − ΛV (gωgρ)2
)
f20 (w
2
0 + r
2
0) +
(
1
8
c3 +
1
4
ΛV (gωgρ)
2
)
f40 +
+
∑
B
1
3pi2
∫ kF,B
0
k4dk√
k2 +m2eff,B
+ PL
where EL and PL denote the contributions coming from
leptons.
IV. COUPLING CONSTANTS
A. Strange baryons
Understanding the nature of interactions between
baryons is a decisive factor for the properties of neu-
tron stars. A precise description of baryon interactions
in the strange sector of the model is essential for the
correct construction of the EoS. However, the incom-
pleteness of the experimental data intensifies the uncer-
tainties that are connected with the evaluation of cou-
pling constants that involve strange baryons. In general,
there are very few data available to describe hyperon–
nucleon (YN) and hyperon–hyperon (YY) interactions.
Hyperon–vector meson coupling constants are taken from
the quark model. They are summarised in Table I. In the
scalar sector, the scalar couplings gBσ of the Λ, Σ and Ξ
hyperons require constraining in order to reproduce the
estimated values of the potentials felt by a single Λ, Σ
and Ξ in the saturated nuclear matter. In the case of
Λ hypernuclei there is a considerable amount of data on
binding energies and single particle levels allowing the
identification of the potential felt by a single Λ in nu-
clear matter in the range U
(N)
Λ ≈ 27 − 30 MeV [24, 25].
Considering the Ξ hypernuclei current knowledge about
the interaction of Ξ hyperons with nuclei is very limited.
Dover and Gal [26] based on early emulsion data indi-
cated an attractive Ξ-nucleus potential of the order of
21-24 MeV. This result agrees with theoretical predic-
tions for Ξ in nuclear matter obtained in the model D
of the Nijmegen group [27]. However, the missing-mass
spectra of a double-charge exchange reaction (K−,K+)
on a 12C target have suggested the Ξ well depth of 14-16
MeV [28, 29]. Analysis of the experimental data indicate
a repulsive Σ-nucleus potential [30], with a substantial
isospin dependence [31]. In the case of YY interactions,
the only sources of information are the double-strange
hypernuclear systems. Several events have been iden-
tified that suggest an attractive ΛΛ interaction. The
most promising results, known as the NAGARA event
[32] with the 6ΛΛHe hypernucleus, indicate that the ΛΛ
interaction is weakly attractive. The estimated value of
the U
(Λ)
Λ potential at the level of 5 MeV permits a pa-
rameter set which reproduces this weaker ΛΛ interaction
to be estimated [33].
The potential that describe hyperon–nucleon and
hyperon–hyperon interaction can be written in the form
that involves both the scalar and vector coupling con-
stants
U
(B)
Y = gY σs0 − gY ωw0 + gY σ∗s∗0 − gY φf0 =
= mY −meff,Y (s0, s∗0)− (gY ωw0 + gY φf0), (26)
where meff,Y (s0, s
∗
0) is the effective mass and Y stands
for the Λ, Σ and Ξ hyperons. For the determination of
the gΛσ, gΣσ and gΞσ coupling constants, the following
values of the potentials were used
U
(N)
Λ = −28MeV, U (N)Σ + 30MeV, U (N)Ξ = −18MeV.
(27)
In general the coupling constants gY σ can be decomposed
into two parts gY σ = gσxY σ, where xY σ depends on the
value of potential U
(N)
Y . The coupling of hyperons to the
6TABLE III. The scalar coupling constants.
gΛσ gΞσ gΣσ gΛσ∗ gΞσ∗ gΣσ∗
6.169 3.201 4.476 5.262 11.623 5.626
TABLE IV. Scalar coupling constants calculated for chosen
values of the potentials U
(N)
Σ and U
(N)
Ξ .
U
(N)
Σ U
(N)
Ξ gΛσ gΞσ gΣσ gΞσ∗ gΣσ∗
(MeV) (MeV)
+30 -14 6.169 3.084 4.476 5.626 11.474
+30 -18 6.169 3.201 4.476 5.482 11.372
+20 -18 6.169 3.201 4.768 5.482 11.372
+10 -18 6.169 3.201 5.060 5.482 11.372
-10 -18 6.169 3.201 5.644 5.482 11.372
-20 -18 6.169 3.201 5.935 5.482 11.372
-30 -18 6.169 3.201 6.227 5.482 11.372
strange meson σ∗ [34] were obtained from the following
relations
U
(Ξ)
Ξ ≃ U (Ξ)Λ ≃ 2U (Λ)Ξ ≃ 2U (Λ)Λ . (28)
The scalar coupling constants are collected in Tables III
and IV.
B. The symmetry energy
The TM1 parameter set [6] that successfully describes
the ground state properties of both finite nuclei and in-
finite nuclear matter was supplemented with the mixed
nonlinear isoscalar–isovector ω−ρmeson coupling, which
provides the additional possibility of modifying the high
density components of the symmetry energy. The re-
maining nuclear matter ground state properties were left
unchanged. The symmetry energy is given by the relation
Esym(nb) =
k2F
6
√
k2F +m
2
eff,N
+
g2ρ
12pi2
k3F
mˆ2eff,ρ
, (29)
where mˆ2eff,ρ = m
2
eff,ρ(f3 = 0) denotes the effective mass
of the ρ meson in the case of non-strange, symmetric
nuclear matter.
The strength of the ω − ρ coupling is set by the
ΛV (gωgρ)
2 and requires the adjustment of the gρ coupling
constant to keep the empirical value of the symmetry en-
ergy Esym(nb) = 25.68 MeV at the baryon density nb,
which corresponds to kF = 1.15 fm
−1 [19]. The parame-
ters ΛV together with the adjusted value of the parame-
ter gρ are presented in Table V. The density dependence
of the symmetry energy can be expressed by coefficients
that define the slope L and the curvature Ksym of the
symmetry energy
Esym(nb) = Esym(n0)+L
(
nb − n0
3n0
)
+
Ksym
2!
(
nb − n0
3n0
)2
.
(30)
TABLE V. TM1 parameter set with the extended isovector
sector [6].
TM1
mσ = 511.2 MeV gσ = 10.029 g3 = 7.2325 fm
−1
mω = 783 MeV gω = 12.614 g4 = 0.6183
mρ = 770 MeV gρ = 9.264 c3 = 71.0375
TM1 nonlinear (isovector sector)
ΛV 0 0.014 0.015 0.016 0.0165 0.017
gρ 9.264 9.872 9.937 10.003 10.037 10.071
L (MeV) 108.58 77.52 75.81 74.16 73.36 72.56
Equation (30) is a typical low density expansion, higher-
order terms must be taken into account at suprasatu-
ration densities. The performed calculations that were
focused mainly on the slope parameter of the symmetry
energy
L = 3n0
∂2Esym(nb)
∂n2b
|nb=n0 (31)
gave results that agreed with the experimental data
(L = 88 ± 25 MeV [35]). These results are collected
in Table V. However, current estimation of the symme-
try energy parameter based on theoretical, experimen-
tal and observational results narrows the range of L to
(40.5− 61.9) MeV [36].
V. RESULTS
The energy density and pressure given by relations (24)
and (25) define the EoS. Numerical calculations, which
were made for the TM1 parameterisation for both non-
strange and strangeness-rich matter, led to the solutions
that are shown in Fig. 1. A class of EoSs was obtained.
Individual EoSs are parametrized by the coupling con-
stant ΛV , which determines the strength of the mixed
vector meson interactions. The form of the EoSs allows
one to compare the differences between various models.
An analysis performed for the nonlinear model with
parameter ΛV , which ranges between 0.014 to 0.017,
showed that the increase of ΛV produces a stiffer EoS.
For comparison, the EoSs for non-strange matter for
NL3, TM1 and FSUGold parameterisations have been
included. Thus, the stiffness of the EoS depends on the
existence and strength of the mixed vector meson inter-
actions, and the nonlinear model described by the La-
grangian function (6) makes it possible to construct a
much stiffer EoS than the one obtained for the TM1-weak
model. The abbreviation TM1-weak denotes the stan-
dard TM1 model extended to the full octet of baryons
with two additional meson fields, which were introduced
in a minimal fashion, to reproduce the hyperon–hyperon
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FIG. 1. (Color online) The pressure vs density calculated
for selected parameterisations. The stiffest and softest EoS
have been obtained for the non-strange matter for NL3 and
FSUGold. The EoSs calculated for TM1 parameter set form
a distinct class. For these EoSs the stiffest is the one for
non-strange matter. It is represented by the dotted line. The
nonlinear models for different values of the coupling strength
ΛV are also presented. The upper limit for these models is
for ΛV = 0.017 the softest represents the case of the stan-
dard TM1 model extended by the inclusion of strange mesons
which have been introduced in a minimal fashion. The re-
maining EOS for the nonlinear models with different values
of parameter ΛV are located between these two curves.
interaction. In order to make the analysis more complete,
the conditions under which the quark matter occurs in
neutron star interiors was established. This permits the
formation of a stable hybrid star configuration. Two
phases of matter were compared: the strange hadronic
matter and the quark matter. The phase with the highest
pressure (lowest free energy) was favoured. The dotted
curve shows the quark matter EoS for the fixed value of
the bag parameter B1/4 = 160 MeV. The result indicates
that there is no intersection of the quark matter EoS and
that of hyperon-rich matter calculated for the nonlinear
model for a different values of parameter ΛV , and in this
case a hybrid star with a quark phase inside cannot be
constructed. Solutions that permit the existence of the
quark matter phase inside the hyperon star were obtained
for the TM1-weak and FSUGold parameterisations.
In the case of nuclear matter an extended isovector
sector comprises the ω − ρ meson interaction. Param-
eter ΛV sets the strength of the ω − ρ coupling. This
term altered the density dependence of the symmetry en-
ergy. The standard TM1 parameterisation without ω−ρ
coupling gives as a result very stiff form of the symme-
try energy. The inclusion of the ω − ρ coupling softens
the symmetry energy. The solutions were presented in
Fig. 2. Calculations were done for rather high value of
ΛV = 0.0165 and 0.03. The interaction between ω and ρ
mesons leads to the solution, which approaches that ob-
tained for the AV14 and UV14 models with the Urbana
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FIG. 2. (Color online) The density dependence of symmetry
energy calculated for TM1 parameter set [6] for different val-
ues of parameter ΛV . For comparison the results obtained for
the AV14+VII, UV14+VII and UV14+TNI models [37] are
included.
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FIG. 3. (Color online) The effective baryon masses as a func-
tion of relative baryon density calculated for the nonlinear
model, for ΛV = 0.017 and for the TM1-weak model.
VII (UV VII) three nucleon potential. For comparison
the form of the symmetry energy calculated for the UV14
plus TNI model was included [37].
Interacting baryons are the basic components of the
matter of neutron stars. The modification of baryon
masses that arises from baryon interactions with the
background nuclear matter is shown in Fig. 3. The nu-
merical solutions predicted by equation (18) for the fixed
value of parameter ΛV = 0.017 for both the nonlinear
model and for the TM1-weak model, show reduced ef-
fective baryon masses. The reduction of the nucleon
mass in the nonlinear model is essentially the same as
that obtained in the TM1-weak one. Thus, the influ-
ence of the nonlinear vector meson couplings on the nu-
cleon effective mass is negligible. The effective masses
of strange baryons in the case of the nonlinear model
8FIG. 4. (Color online) The scalar mesons σ and σ∗ as a func-
tion of baryon density. For comparison the results obtained
for the TM1-weak model have been included.
FIG. 5. (Color online) The effective meson masses as a func-
tion of baryon number density calculated for the nonlinear
model, for ΛV = 0.014 and ΛV = 0.016.
drop less rapidly than the effective masses obtained in
the TM1-weak model. The behaviour of the baryon effec-
tive masses is governed by the density dependence of the
scalar mean fields, which is presented in Fig. 4. The pres-
ence of nonlinear couplings between vector mesons mod-
ifies the density dependence of the strange scalar meson
leaving the nonstrange scalar meson almost unchanged.
The in-medium reduction of baryon masses is equivalent
to the modification of vector meson masses in the meson
sector (Fig. 5). An analysis of the density dependence of
the effective ρ and φ vector meson masses led to the con-
clusion that their modification was produced by a strong
ΛV dependence, especially in the high density limit. The
effective mass of the ω meson is almost independent of
the value of parameter ΛV . The stiffness of the EoS is
characterised by the incompressibility of nuclear matter.
In general, incompressibility comprises terms resulting
from the kinetic pressure of Fermi gas and from the po-
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FIG. 6. (Color online) The density dependence of the factor
1/meff,φ calculated for the nonlinear model, for ΛV = 0.014
and ΛV = 0.0165.
tential of the model. Analysing the strange sector of the
model one can compare the factor that determines the
difference between the strength of the effective repulsive
and attractive forces. The scalar meson σ∗ has been in-
troduced in a minimal fashion thus meff,σ∗ = mσ∗ . The
strength of the effective repulsive force between strange
baryons is mainly altered by the factor 1/meff,φ. The in-
fluence of the ΛV parameter on the density dependence
of 1/meff,φ is depicted in Fig. 6. The increase of the
parameter ΛV considerably enhances the strength of the
repulsive force in the system.
The properties of asymmetric strangeness-rich matter
of neutron stars are characterized by the parameters that
define the strangeness content of the system fS = nS/nb,
where nS is the strangeness density and the isospin asym-
metry f3 = n3/nb, where n3 is the isospin density given
by the relation
n3 =
∑
B
I3BnB (32)
The density dependence of the asymmetry parameter
and the strangeness content of the system is depicted
in Fig. 7. The nonlinear model leads to a system with
an enhanced asymmetry and a considerably reduced
strangeness. An increase of parameter ΛV causes the
matter to become more asymmetric.
Charge neutrality and the condition of β equilibrium
( p+ e− ↔ n+ νe ) impose constraints on a neutron star
composition. Assuming that neutrinos are not consid-
ered, since their mean free path is longer then the star
radius, the following relation can be obtained
µp + µe = µn. (33)
Additional hadronic states are produced in neutron star
interiors at sufficiently high densities when hyperon in-
medium energy equals their chemical potential. The
higher the density the more various hadronic species
9FIG. 7. (Color online) The asymmetry parameters f3 = δ3
and fS = 3δS as a function of baryon number density calcu-
lated for the nonlinear model, for different values of ΛV and
for the TM1-weak model.
are expected to populate. In general weak reactions for
baryons and the corresponding equations for chemical po-
tentials can be written in the form
B1 + l ↔ B2 + νl (34)
µB = bBµn − qBµe
where B1 and B2 denote baryons, l and νl lepton and
neutrino of the same flavor, whereas bB and qB refer to
baryon B with baryon number bB and charge qB. The
above equations create relations between chemical poten-
tials of particular hyperons
µΛ = µΣ0 = µΞ0 = µn;
µΣ− = µΞ− = µn + µe; (35)
µp = µΣ+ = µn − µe.
The presented equilibrium conditions determine all con-
stituents of the matter of neutron stars. The concentra-
tions of a particular component i = B, l of the matter of
a neutron star can be defined as Yi = ni/nb, where ni
denotes the density of the component i and nb is the total
baryon number density. The density fraction of nucleons
and leptons as a function of the baryon number density
for the fixed value of parameter ΛV is presented in Fig. 8.
The important findings concern the concentration of lep-
tons, which are more highly populated in the case of the
nonlinear model. Fig. 9 shows how the modification of
the vector meson sector alters concentrations of strange
baryons. The first hyperon that appears is Λ and it is
followed by Ξ− and Σ−. The appearance of negatively
charged hyperons reduce the concentrations of leptons.
This stems from the charge neutrality condition. How-
ever, the initial rapid increase in population of Ξ− hyper-
ons has been suppressed leading to significantly reduced
concentration of Ξ− hyperons at sufficiently high density.
For comparison the results obtained for the TM1-weak
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FIG. 8. (Color online) Relative concentrations of nucleons
and leptons calculated for the nonlinear model, for the fixed
value of parameter ΛV = 0.0165. For comparison the results
obtained for the TM1-weak model has been included.
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of parameter ΛV = 0.0165. For comparison the results ob-
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model have been included. It is evident that the addi-
tional nonlinear couplings between vector mesons modify
chemical composition of the neutron star shifting the on-
set point to higher densities and reduces the strangeness
content of the system. A composition and concentra-
tions of hyperons calculated in the nonlinear model can
be traced in a chosen configuration of a neutron star. The
composition of the core of the maximum mass configu-
ration is depicted in Fig. 10. The number density of Ξ−
hyperons is reduced. However, an interesting feature of
this model is the abundance of Σ− hyperons in the very
inner part of the neutron star inner core.
The most essential feature of the model is connected
with the fact that even in the presence of hyperons the
obtained EoS is very stiff. Global neutron star parame-
ters such as the mass and radius and the structure of a
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uration. Calculations has been done on the basis of nonlinear
model with ΛV = 0.0165. The dotted vertical lines point the
threshold densities for particular hyperons.
neutron star can be determined by the equation of hy-
drostatic equilibrium - the Tolman-Oppenheimer-Volkoff
(TOV) equation:
dP(r)
dr
=
−G (E(r) + P(r)) (m(r) + 4pir3P(r))
r2
(
1− 2Gm(r)r
) (36)
dm(r)
dr
= 4pir2E(r)
dn(r)
dr
= 4pir2
(
1− 2Gm(r)
r
)−1/2
where m and n denote the enclosed gravitational mass
and baryon number, respectively, P is the pressure
and E is the total energy density. In order to get
the numerical solution of equation (36), the EoS has
to be specified. A correct model of a neutron star is
based on the assumption that its internal structure is
composed of separate parts, thus the construction of
the mass–radius relation requires taking into account
additional EoSs that describe the matter of the inner
and outer crust. For the outer and inner crusts the
EoSs of Baym, Pethick, and Sutherland (BPS) [38] and
Baym, Bethe and Pethick (BBP) [39] have been used
respectively. The results obtained for the set of EoSs
calculated in this paper led to the mass-radius relations
and permitted the value of the maximum mass to be
determined which in a sense can give a measure of
the impact of particular nonlinear couplings between
vector mesons. In the mass-radius relations obtained for
varying values of parameter ΛV are shown in Fig. 11.
The higher the value of ΛV , the higher the maximum
mass.
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FIG. 11. (Color online) The mass–radius relations calculated
for the nonlinear model for different values of parameter ΛV .
The results obtained for both the TM1 parameterisation in
the case when the matter of the neutron star comprises only
nucleons and for FSUGold parameter set.
VI. THE INFLUENCE OF THE U
(N)
Y
POTENTIALS
There are still significant uncertainties associated with
the experimental data on the hyperon-nucleus interac-
tions. Thus it is reasonable to investigate the effect of
the hyperon-nucleus potential U
(N)
Y on the obtained re-
sults [40]. Particular attention was paid to the depen-
dence of the EoS on the Σ-nucleus potential U
(Σ)
Y . De-
tailed calculations were done for the selected values of the
U
(N)
Σ potential, assuming its both attractive and repul-
sive character. Calculations performed for the extended
nonlinear model were resulted in a sequence of EoSs (Fig.
12). The stiffest one was obtained for the repulsive po-
tential (U
(N)
Σ = 30 MeV). In order to study the influence
of the U
(Λ)
Λ potential a model with an exaggerated value
of the potential U
(Λ)
Λ = 1 MeV was examined. The result-
ing change in the EoS is negligible. A similar conclusion
can be drawn by examining the changes caused by the
reduction in the potential U
(N)
Ξ . Taking into account the
value of the maximum mass obtained for a given EoS the
presented results support the conclusion that the value of
the potential is not a factor that decisively influences the
form of the EoS. A similar conclusion can be obtained
by analysing the mass-radius relation (Fig. 13). The
most promising results were obtained for the repulsive
U
(N)
Σ = −30 MeV potential which within the considered
model leads to the highest value of the maximum mass.
Hyperons are distributed in the very inner part of a neu-
tron star core therefore a schematic cross-section shows a
hyperon core in the inside of a strangeness-rich neutron
star. Information concerning properties of the internal
structure of a neutron star are summarised in Fig. 14
and 15. These figures depicts the dependence of both
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neutron stars and their hyperon cores on the U
(N)
Σ po-
tential and strictly speaking on the value of xΣσ param-
eter and offer indications for interpreting the results of
numerical calculations. Calculations were done for maxi-
mum mass configurations. The mass of the star increases
when U
(N)
Σ potential becomes more repulsive whereas the
mass of the hyperon core decreases reaching a minimum
value for the parameter xΣσ ∼ 0.51 (Fig. 14). Similar
behaviour has a radius of the maximum mass configura-
tion. Results are presented in Fig.15. One of the most
important difference between the model constructed for
the attractive U
(N)
Σ = −30 MeV potential and the one
with the repulsive potential (U
(N)
Σ = 30 MeV) is related
to the chemical composition of the neutron star matter.
The hyperon onset points depend on the character of the
U
(N)
Σ potential. Calculations performed on the basis of
TABLE VI. Neutron star maximum masses and correspond-
ing radii calculated for the chosen values of the potentials
U
(N)
Σ and U
(Λ)
Λ . Mhc and Rhc denote the mass and radius
of a hyperon core for a given maximum mass configuration,
nb,onset denotes the hyperon onset point.
U
(N)
Σ U
(Λ)
Λ Ms Rs Mhc Rhc nb,onset
(MeV ) (MeV ) (M⊙) (km) (M⊙) (km) (fm
−3)
+30 -1 2.036 10.47 1.620 8.32 0.348
+30 -5 2.032 10.45 1.617 8.31 0.348
+20 -5 2.027 10.44 1.613 8.29 0.348
+10 -5 2.020 10.31 1.609 8.27 0.348
-10 -5 2.008 10.23 1.679 8.38 0.325
-20 -5 2.003 10.18 1.720 8.51 0.305
-30 -5 2.001 10.04 1.768 8.59 0.288
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FIG. 14. (Color online) The dotted line shows the dependence
of the maximum mass MS obtained for the given EoS on the
value of parameter xΣσ that expresses the dependence on the
potential U
(N)
Σ . Solid line presented similar relations for the
mass of the hyperon core Mhc.
the extended nonlinear model indicate that reduction of
the attractive U
(N)
Σ potential shifts the hyperon onset
points to lower densities, whereas the change of the re-
pulsive potential leaves the hyperon onset points almost
unchanged (Fig. 16). In the case of attractive potential
the first hyperons that appear in neutron star matter are
Σ− hyperons and they are followed by Λ hyperons. Such
a scheme of the emergence of hyperons is changed in the
nonlinear model with the repulsive U
(N)
Σ = −30 MeV
potential. The first hyperons that appear are Λ hyper-
ons and successively Ξ− and Σ− hyperons. The relative
concentrations of hyperons calculated for both attractive
and repulsive U
(N)
Σ potential are presented in Fig. 17.
The results of numerical calculations obtained for differ-
ent values of the potential U
(N)
Σ were compiled in Table
VI. These results for a given EoS include the value of the
maximum mass, the radius of the maximum mass con-
figuration, the radius and mass of the hyperon core and
the onset point of hyperons. For comparison the model
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with the U
(Λ)
Λ = 1 MeV was included.
VII. CONCLUSIONS
Recent observations of the binary millisecond pulsars
give the value of neutron star mass about two solar
masses. In general, theoretical models that describe
strangeness-rich neutron star matter lead to much softer
EoSs than those constructed for a core of a neutron star
composed of only nucleons. This significant softening of
the EoS causes a reduction in the maximum mass achiev-
able in a given theoretical model. This leads to an in-
consistency between the theoretical models that involve
hyperons and the observation. The solution to this prob-
lem, is the construction of a theoretical model of the mat-
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FIG. 17. (Color online) Comparison of the relative concentra-
tions of hyperons calculated for the extended nonlinear model
for the repulsive and attractive U
(N)
Σ potential.
ter of a neutron star with hyperons that will give a high
value of the maximum mass that demands a stronger re-
pulsive force in the strange sector of the system. The
main issue that was addressed in this paper concerns the
influence of the nonlinear ω, ρ and φ vector mesons on
the properties of asymmetric nuclear matter with a non-
zero strangeness and consequently on the neutron star
parameters. A description of neutron star matter given
in this paper was done on the basis of a model inspired
by the nonlinear realization of the chiral symmetry. De-
tailed analysis based on SU(6) and SU(3) symmetry of
the behavior of the EoS for different relativistic models
have been already done [41–43]. Whereas the analysis of
the EoS of hypernuclear matter within a relativistic den-
sity functional theory with density-dependent couplings
has been included in [44]. An essential aspect of this
model is the diverse vector meson sector which comprises
different vector meson couplings. As a result, a special
class of EoSs adequate to characterise asymmetric nu-
clear matter with a non-zero strangeness was obtained.
Particular EoSs are characterised by the value of param-
eter ΛV , which determines the strength of the vector me-
son couplings. This very special form of the considered
model gives an EoS that is much stiffer than that ob-
tained using the standard TM1-weak model. Numerical
solutions permitted the influence of the nonlinear vector
meson couplings on the density dependence of the scalar
and vector meson fields to be investigated. This directly
translates to the in-medium properties of baryons and
mesons and leads to a considerable modification of the
effective baryon and vector meson masses, especially in
the strange sector of the model.
The nonlinear vector meson couplings modify both the
asymmetry and strangeness content of the system and
therefore lead to a model with a reduced strangeness and
an enhanced asymmetry. The stiffness of the EoS is di-
rectly related to the in-medium properties of the matter
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of a neutron star. It depends on value of the effective
baryon and meson masses, which modify the compress-
ibility of the matter of a neutron star and the range of
interactions especially in the strange sector. The results
of the analysis performed in the framework of the nonlin-
ear model have shown that the properties of neutron stars
are significantly altered by the presence of hyperons.
The analysis of the dependence of neutron star param-
eters on the strength of hyperon-nucleon interaction has
been already done by Weissenborn et al. [40]. In this pa-
per similar analysis has been performed and in this case
the change of the value of hyperon-nucleon potential only
slightly modifies the maximum mass of a neutron star,
preferring a repulsive character of this potential. How-
ever, the changes of the hyperon-nucleon potential influ-
ence the parameters of the hyperon core of the neutron
star.
The inclusion of hyperons does not soften the EoS;
on the contrary, it leads to its considerable stiffening.
The consequences for the parameters of neutron stars are
straightforward and appear as the considerable growth of
neutron star masses.
In general, the hyperon fraction is reduced in compar-
ison to the linear models. The reduction of the hyperon
population in the matter of a neutron star is related
to the enhanced lepton concentrations. As an example
the maximum mass configuration is presented. In this
particular model the core of a neutron star reveal a
hyperon inner core with the reduced Λ and Ξ− hyperon
concentrations but with the enhanced population of Σ−
hyperons.
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